The fibronectin matrix plays a crucial role in the regulation of angiogenesis during development, tissue repair and pathogenesis. Previous work has identified a fibronectin-derived homophilic binding peptide, anastellin, as an effective inhibitor of angiogenesis; however, its mechanism of action is not well understood. In the present study, we demonstrate that anastellin selectively inhibits microvessel cell signaling in response to the VEGF 165 isoform, but not VEGF 121 , by preventing the assembly of the complex containing the VEGF receptor and neuropilin-1. Anastellin treatment resulted in the inactivation of a5b1 integrins but was not accompanied by a change in either adhesion complexes or adhesion-based signaling. Integrin inactivation was associated with a masking of the fibronectin synergy site within the extracellular matrix (ECM), indicating that a5b1 inactivation resulted from a decrease in available ligand. These data demonstrate that anastellin influences the microvessel cell response to growth factors by controlling the repertoire of ligated integrins and point to anastellin as an effective regulator of fibronectin matrix organization. These studies further suggest that homophilic fibronectin binding peptides might have novel applications in the field of tissue regeneration as tools to regulate neovascularization.
INTRODUCTION
Fibronectin is a high-molecular-mass (450-kDa) protein found in plasma and also synthesized locally within tissues. Fibronectin is an integral matrix protein that is polymerized into an extracellular network of interacting fibers that function to support cell adhesion, migration, proliferation and survival. Genetic studies in mice have indicated that fibronectin and its integrin receptors are essential to the processes of both angiogenesis and vasculogenesis (reviewed in Argraves and Drake, 2005; Hynes, 2007) . Structurally, fibronectin consists of repeating individually folded domains termed type I, II and III based on shared aminoacid homology. The type I and II domains are further stabilized by intra-domain disulfide bonds. Chemical and mechanical signals emanating from the fibronectin matrix are transduced through the integrin family of adhesion receptors. Matrix-based signals integrate with those from signaling pathways initiated through growth factors, cytokines and intercellular adhesion receptors (Schwarzbauer and DeSimone, 2011) . It is through these matrix-based signaling networks that fibronectin exerts its influence over nearly all aspects of endothelial cell biology (Astrof and Hynes, 2009; Malinin et al., 2012) . The fibronectin matrix is a dynamic structure that undergoes constant assembly and turnover. Changes in the synthesis of fibronectin isoforms coupled with contraction-mediated changes in protein tertiary and secondary structure result in changes in the availability and spacing of biologically active sites within the polymerized fibronectin fibers. Because they are not stabilized by disulfide bonds, the type III domains are particularly sensitive to mechanical unfolding. Therefore, alternative splicing and force-induced unfolding of fibronectin type III domains provide the cell with numerous opportunities to modulate the topographical display of bioactive sites within the matrix (Klotzsch et al., 2009; White and Muro, 2011) .
Angiogenesis is a process of neovascularization that occurs during development and tissue repair to meet the nutrient and gasexchange demands of remodeling tissue. Angiogenesis is also an essential step in pathological conditions such as cancer, where it provides the growing tumor with a blood supply. Angiogenesis is regulated by the vascular endothelial growth factor (VEGF) family and its receptors. There are five human genes for VEGF. VEGFA and its receptors, VEGFR2 and neuropilin-1 (NRP1), are known to be the major regulators of angiogenesis. VEGFR2 is the primary VEGFA receptor on endothelial cells and is essential for vascular development and angiogenesis, during which it regulates proliferation, migration and tube formation (reviewed in Koch and Claesson-Welsh, 2012) . VEGFA can be processed into various isoforms through alternative splicing mechanisms, resulting in both pro-and anti-angiogenic subtypes (Nowak et al., 2008) . NRP1 is a transmembrane protein that binds to certain isoforms of VEGFA and works in concert with VEGFR2 to promote VEGFA signaling. The proangiogenic isoforms, VEGF 165 and VEGF 121 , are the primary isoforms of VEGFA. They have distinct but overlapping functions and differ in their requirement for NRP1 to mediate VEGFR2 activation and downstream signaling. Genetic studies of NRP1 in mice have demonstrated a role for NRP1 in both vascular development and angiogenesis (Kawasaki et al., 1999) . The mechanism of action of NRP1 is not well understood but it appears to promote VEGF signaling by regulating VEGFR2 internalization and trafficking .
The assembly of the fibronectin matrix is a cell-dependent stepwise process that first requires the binding of soluble protomeric fibronectin to the cell surface, followed by a series of homophilic binding events that promote the assembly of fibronectin monomers into the detergent-insoluble polymers that comprise the extracellular matrix (ECM) (reviewed in Xu and Mosher, 2011) . Previous work has led to the identification of fibronectin-derived cryptic sequences that can promote fibronectin polymerization in the absence of cells. Cryptic self-polymerization activity has been identified in the III 1 and III 10 domains of fibronectin (Gee et al., 2013; Hocking et al., 1996; Morla et al., 1994) . The cryptic polymerization activity present in the III 1 domain of fibronectin can be recapitulated in a peptide termed anastellin (Morla et al., 1994; Morla and Ruoslahti, 1992) . Subsequent studies showed that anastellin can bind directly to previously assembled fibronectin matrix and alter its conformation (Klein et al., 2003; Prabhakaran et al., 2009) . Anastellin has been found to inhibit tumor angiogenesis in vivo as well as endothelial cell proliferation in vitro; however, its mechanism of action has remained elusive (Ambesi et al., 2005; Yi and Ruoslahti, 2001) .
In the present study, we show that anastellin selectively inhibits VEGF 165 signaling by preventing the formation of the VEGFR2-NRP1 complex. Consistent with this observation, anastellin had no effect on signaling from VEGF 121 , which does not require NRP1 for signaling. Loss of VEGFR2-NRP1 signaling was associated with the decreased availability of the synergy site within the fibronectin matrix and the inactivation of a5b1 integrin. The decrease in b1 activation state had no effect on cell adhesion or adhesion-based signaling. Our data suggest that the inhibitory effect on angiogenesis results from a conformational reorganization of the fibronectin matrix that alters the repertoire of ligated integrin receptors. Our data also implicate a5b1 integrin as a functional regulator of NRP1. These data point to a role for a5b1 in the regulation of VEGFR2 trafficking and further suggest that targeting ECM topography could provide a novel approach for the selective modification of the endothelial cell response to angiogenic growth factors.
RESULTS

Anastellin inhibits VEGF 165 -dependent signaling in microvessel cells
To determine the effects of anastellin on VEGF 165 -dependent microvessel cell proliferation, VEGF 165 was incubated with human dermal microvessel cells that had been pretreated with increasing amounts of anastellin or a control fibronectin type III domain, FnIII 13 . The addition of anastellin to microvessel endothelial cells prevented cell proliferation in response to VEGF 165 (Fig. 1A) while completely inhibiting the activation of ERK (also known as MAPK) (Fig. 1B,C) , suggesting that anastellin was inhibiting proliferation by blocking signaling from growth factor receptors. The binding of VEGF 165 to its receptor, VEGFR2, leads to the dimerization and activation of the VEGFR2 receptor kinase, which phosphorylates VEGFR2 at specific tyrosine residues. Phosphorylation of VEGFR2 at Tyr1175 is a crucial step in the downstream activation of ERK and is essential for VEGF-induced angiogenesis (Takahashi et al., 2001) . As shown in Fig. 1D ,E, the phosphorylation of VEGFR2 at Tyr1175 in response to VEGF 165 remained near baseline in anastellin-treated cells. The inhibitory effect of anastellin on VEGFR2 Tyr1175 phosphorylation was dose dependent and occurred over the same dose range that blocked cell proliferation. Anastellin also inhibited the VEGF 165 -dependent phosphorylation of VEGFR2 on Tyr residues 1059 and 1054 (Fig. 1F,G) .
Anastellin inhibits the assembly of the VEGFR2-NRP1 receptor complex
In response to VEGF 165 , VEGFR2 forms a complex on the cell surface with its co-receptor, NRP1. VEGF 165 binds to both VEGFR2 and NRP1, and the resulting complex promotes receptor activation and downstream signaling. To investigate a role for NRP1 in the regulation of VEGF 165 signaling in microvessel cells, a blocking antibody against NRP1 was tested for its effect on VEGF 165 signaling. As shown in Fig. 2A , the NRP1-blocking antibody completely inhibited the phosphorylation of both VEGFR2 and ERK in response to VEGF 165 . Similar findings were obtained under conditions of NRP1 knockdown, where VEGF 165 -dependent activation of both VEGFR2 and ERK were markedly reduced (Fig. 2B) . The relative levels of phosphorylation of VEGFR and ERK in control and NRP1-knockdown cells were quantified by scanning of western blots (Fig. 2C,D) . These data suggest that NRP1 plays a significant role in VEGF 165 -mediated signaling in microvessel endothelial cells. Consistent with its effect on cell signaling, NRP1 was also required for VEGF 165 -dependent cell growth. As shown in Fig. 2E , cell proliferation in response to VEGF 165 was inhibited by ,60% under conditions of NRP1 knockdown. To examine the effect of anastellin on the formation of the VEGFR2-NRP1 complex, coimmunoprecipitation experiments were performed in the presence and absence of anastellin. As shown in Fig. 2F , immunoprecipitation of NRP1 from VEGF 165 -treated cells resulted in the co-precipitation of VEGFR2. There was no VEGFR2 detected in the precipitates in the absence of VEGF 165 . Pretreatment of cells with anastellin caused a marked reduction in the amount of VEGFR2 that was coprecipitated with NRP1, consistent with anastellin disrupting the assembly of the VEGFR2-NRP1 complex in response to VEGF 165 . These findings confirm a role for NRP1 in VEGFR2 activation and downstream signaling in response to VEGF 165 and are consistent with anastellin inhibiting VEGFR2 signaling by preventing the assembly of the VEGFR2-NRP1 complex.
Anastellin inhibits signaling from VEGF 165 but not VEGF 121 Our data indicate that anastellin blocks VEGF signaling by preventing the formation of VEGFR2-NRP1 complexes. We therefore evaluated the response of anastellin-treated microvessel cells to an isoform of VEGF, VEGF 121 , which, unlike VEGF 165 , is not dependent on NRP1 for signaling through VEGFR2 (Pan et al., 2007b) . As shown in Fig. 3A , pretreatment of microvessel cells with increasing doses of anastellin had no effect on the phosphorylation of VEGFR2 by VEGF 121 . A similar effect of anastellin was seen on ERK activation (Fig. 3A) . By contrast, the phosphorylation of VEGFR2 in response to VEGF 165 was nearly completely inhibited by anastellin. These data are quantified in Fig. 3B . Consistent with this observation, VEGF 121 was less effective in mediating the formation of VEGFR2-NRP1 complexes. As shown in Fig. 3C , treatment of cells with VEGF 165 resulted in the formation of a VEGFR2-NRP1 complex. In the presence of VEGF 165 , the immunoprecipitation of NRP1 resulted in the co-precipitation of VEGFR2. As expected, the formation of this complex was prevented when cells were pretreated with anastellin. By contrast, VEGF 121 -treated cells exhibited much less VEGFR2 in NRP1 immunoprecipitates, and this complex was unaffected by anastellin. These data indicate that anastellin selectively inhibits VEGF 165 signaling by disrupting the association of VEGFR2 with NRP1.
The matrix remodeling activity of anastellin is required for the inhibitory effects of anastellin on growth factor signaling Earlier studies have shown that anastellin binds to soluble protomeric fibronectin and promotes its self polymerization (Morla et al., 1994) . Anastellin also binds to polymerized matrix fibronectin, causing conformational changes within matrix fibrils that selectively impact on the availability of specific fibronectin epitopes (Klein et al., 2003) . A mutant form of anastellin, L37A/Y40A, has been described, which retains fibronectin-binding activity but is significantly less effective at promoting conformational changes in fibronectin (Briknarová et al., 2003; You et al., 2009) . To determine whether anastellinmediated conformational changes in the fibronectin matrix were required for the effects of anastellin on VEGF 165 signaling, microvessel cells pretreated with either anastellin or the anastellin mutant were compared for their ability to respond to VEGF 165 . As shown in Fig. 4A , anastellin caused a dose-dependent inhibition of both VEGFR2 and ERK phosphorylation in response to VEGF 165 challenge. By contrast, the L37A/Y40A mutant form of anastellin had little effect on the phosphorylation of either VEGFR2 or ERK in response to VEGF 165 . These data are quantified in Fig. 4B . Mutant anastellin was also less effective than wild-type anastellin in blocking the VEGF 165 -induced complex formation between NRP1 and VEGFR2 (Fig. 4C) . The negative control, FnIII 13 , had no effect on complex formation. These results indicate that the matrix conformation remodeling activity of anastellin is required for its inhibitory effect on VEGF 165 signaling.
Anastellin decreases the activation state of the a5b1 integrin
Earlier studies have shown that cell adhesion is a crucial regulator of growth factor signaling in endothelial cells. Adhesion increases the strength and duration of signaling in response to VEGF 165 as well as other growth factors (Cabodi et al., 2010) . To assess whether anastellin might be affecting the adhesion of microvessel cells to the matrix, microvessel cells were incubated with anastellin for 60 minutes and active b1 integrins were imaged by immunofluorescence using the 9EG7 antibody, which recognizes the high-affinity ligand-bound conformation of b1 integrin. As shown in Fig. 5A , in control cells, b1 integrin was localized in clusters typical of adhesion complexes. Following a 1-hour treatment with anastellin, 9EG7 staining was nearly completely absent, indicative of a change in the activation state of b1 integrin. The control fibronectin domain, FnIII 13 , had no effect on 9EG7 staining. Similar results were seen using another antibody (12G10) that also recognizes an active b1 integrin conformation (data not shown). Quantification of contacts recognized by 9EG7 (Fig. 5B ) indicated that anastellin reduced the number of contacts containing active b1 integrin by ,80%. Interestingly, anastellin had no effect on the organization of actin, suggesting that integrin inactivation was not affecting overall cell adhesion (Fig. 5C ). By contrast, anastellin had no effect on the localization of b5 integrin, which remained associated with adhesion complexes (Fig. 5D ,E). As shown in Fig. 5F , all the b1 adhesions co-stained for a5 integrin, suggesting that a5b1 integrin is the predominant fibronectinbinding integrin on endothelial microvessel cells. Both integrin subunits were lost from adhesion sites following treatment with anastellin, suggesting that the inactivation of b1 integrin was associated with a decrease in a5b1 binding to the fibronectin matrix. Loss of both a5 and b1 subunits from adhesion sites occurred between 20 and 60 minutes following the addition of anastellin (Fig. 6A) . Similarly, western blot analysis (Fig. 6B, C) showed that the inhibitory effect of anastellin on VEGF 165 mediated activation of ERK was seen after cells were pretreated with anastellin for 10-60 minutes. As a control, anastellin and VEGF 165 were preincubated for 30 minutes prior to being added to cells. VEGF 165 that had been preincubated with anastellin was still able to elicit a full activation of ERK, suggesting that anastellin was inhibiting VEGF 165 signaling by acting on the cells and not on VEGF 165 (Fig. 6C, last bar) . The inhibitory effects of anastellin were reversible. Removal of anastellin from the medium resulted in the reappearance of a5b1 integrin at adhesion sites, and the amount of a5b1 integrin returned to control levels within 60 minutes (Fig. 6D) . Similarly, VEGF 165 -mediated activation of ERK was also returned to control levels within 60 minutes following the removal of anastellin from the cells (Fig. 6E,F) . These data suggest that the inhibitory effects of anastellin on both a5b1 integrin activation and VEGF 165 signaling occur within 30-60 minutes and are completely reversible within 1 hour of anastellin removal.
Anastellin-dependent inactivation of b1 integrin is not accompanied by decreases in either adhesion sites or adhesion-based signaling
To determine whether the anastellin-mediated inactivation of b1 integrin resulted in changes in the activation of adhesion-based signaling molecules, cells were analyzed for the presence of activated paxillin and focal adhesion kinase (FAK, also known as PTK2). Paxillin and FAK are phosphorylated in response to integrin ligation and are localized to adhesion sites. As shown in Fig. 7A , microvessel cells contained clustered b1 integrins that colocalized with paxillin at adhesion sites. Following the addition of anastellin to microvessel cells, 9EG7 staining for b1 integrin was completely lost from adhesion sites but the number of paxillin-containing contacts was unchanged (Fig. 7B) , suggesting that the inactivation of b1 integrin was not accompanied by a disassembly of the adhesion complex. Integrin adhesion results in the tyrosine phosphorylation of paxillin by adhesion-activated kinases, such as Src and FAK. Following loss of adhesion, Fig. 3 . Anastellin has no effect on VEGF 121 -induced VEGFR2 activation and signaling. (A) Serum-starved microvessel cell monolayers were pretreated for 60 minutes with increasing concentrations of anastellin, followed by stimulation with either 10 ng/ml VEGF 121 or VEGF 165 for 6 minutes. Cell lysates were analyzed by western blotting for changes in the phosphorylation of VEGFR2 and ERK. Total levels of VEGFR2 served as a loading control. (B) Blots were quantified using ImageJ software. Data show the mean6s.e.m. (three independent experiments). 'C', untreated control. (C) Microvessel cell monolayers were pretreated with 20 mM anastellin for 60 minutes prior to stimulation with 10 ng/ml VEGF 165 or VEGF 121 for 15 minutes. NRP1 was immunoprecipitated (IP) from all lysates, and precipitates were analyzed by western blotting for the presence of VEGFR2. Input amounts of VEGFR2 and NRP1 present in lysates prior to immunoprecipitation are shown on the left. paxillin is rapidly dephosphorylated by phosphatases (Retta et al., 1996) . To evaluate the effect of anastellin on the phosphorylation status of paxillin, paxillin was immunoprecipitated from cell lysates and tyrosine phosphorylation evaluated by western blotting. As shown in Fig. 7C , phosphorylated paxillin was not seen in suspended microvessel cells but was seen in adherent cells. The amount of phosphorylated paxillin was unchanged in cells treated with anastellin or the control type III module, FnIII 13 , suggesting that anastellin was not affecting the level of phosphorylated paxillin. A similar effect was seen on the localization and phosphorylation of FAK. Microvessel cells treated with anastellin or the control module FnIII 13 were analyzed for the presence of phosphorylated FAK (pY397FAK), an immediate downstream target of activated integrins. The addition of anastellin to cells resulted in a loss of active b1 integrins but no detectable change in the localization and number of pY397FAK-containing adhesions (Fig. 7D,E) . Analysis of cell lysates by western blotting showed that anastellin had no effect on the level of pY397FAK within the cell (Fig. 7F) . These data suggest that anastellin acts selectively on the activation state of the a5b1 integrin present in the adhesion site, decreasing its activation state without dissembling the adhesion complex and without impacting on the overall organization of actin. Both the avb5 and a5b1 integrins bind to the RGD-containing III 10 domain of fibronectin; however, full adhesion of the a5b1 integrin also requires a5 binding to the synergy site within the adjacent III 9 domain (Aota et al., 1994) . Therefore, we evaluated whether the binding of anastellin to the fibronectin matrix was impacting on synergy site accessibility, thereby specifically targeting the a5b1 integrin. Fig. 8A shows that the fibronectin matrix could be Fig. 6 . Inactivation of a5b1 integrin and VEGFR2 by anastellin is both time dependent and reversible. (A) Microvessel cells were treated with 20 mM anastellin for the times indicated, washed, fixed and stained for b1 (9EG7, green) and a5 (AB1949, red) integrins. Nuclei were counterstained with Hoechst 33258. (B) Serum-starved microvessel cells were pretreated with 20 mM anastellin for increasing amounts of time up to 60 minutes prior to stimulation with 10 ng/ml VEGF165 for 6 minutes. Alternatively, VEGF 165 and anastellin (VEGF/Anastellin) were mixed (10 ng/ml VEGF 165 , 20 mM anastellin) and incubated for 30 minutes prior to addition to cell monolayers for 6 minutes. 'C', vehicle (PBS) control. Phosphorylation of ERK was examined by western blotting. Blots were stripped and reprobed for ERK2, which served as a loading control. (C) ERK phosphorylation was quantified from three independent experiments using ImageJ software and was normalized to pERK levels obtained in the absence of anastellin. Data show the mean6s.e.m. (D) Microvessel cells were treated with 20 mM anastellin for 60 minutes and were incubated with serum-free medium (no anastellin) for the indicated times. Cells were then washed, fixed and dual stained for integrin b1 (9EG7, green) and a5 (AB1949, red) subunits. Nuclei were counterstained with Hoescht 33258. Control cells received no anastellin treatment. Scale bars: 10 mm. (E) Microvessel cells were pretreated with 20 mM anastellin for 60 minutes. The medium was replaced with serum-free medium. At the indicated times, cells were stimulated with 10 ng/ml VEGF 165 for 6 minutes, and lysates were analyzed by western blotting for phosphorylated ERK. Blots were stripped and reprobed for ERK2, which served as loading control. (F) ERK phosphorylation was quantified from three independent experiments using ImageJ software and was normalized to VEGF-stimulated levels of pERK observed in the absence of anastellin (data not shown). Data show the mean6s.e.m. visualized in control cells by immunofluorescence using monoclonal antibodies directed against the synergy site (HFN7.1) or the neighboring FnIII 8 module (clone 568). Following a 1-hour treatment with anastellin, there was a marked decrease in staining using the synergy-site-specific antibody, consistent with this epitope being no longer accessible to the antibody. However, matrix fibrils were still visible in cells stained with the antibody directed against the FnIII 8 domain. Total fluorescence was used as a quantitative measure of antibody binding, and it indicated that anastellin treatment resulted in a 70% loss of the synergy site epitope (Fig. 8B) . There was also a small but significant decrease in the binding of the antibody directed against the FnIII 8 domain. The data suggest that conformational changes in matrix fibronectin result in the masking of the synergy site epitope. The data are consistent with a model in which anastellin-mediated reorganization of the fibronectin matrix changes the topographical display of integrin binding sites, thus influencing VEGF signaling by dictating the pattern of ligated integrins.
DISCUSSION
The fibronectin matrix has a profound influence on endothelial cell morphology and differentiation. Early genetic studies demonstrated a requirement for fibronectin and the a5b1 integrin in vascularization (Kawasaki et al., 1999) . Later studies showed that the ligation of integrins to fibronectin might not be sufficient to promote angiogenesis and that ongoing polymerization of fibronectin into ECM is also required (Zhou et al., 2008) . The requirement for polymerized versus protomeric fibronectin in the angiogenic process is not understood, but the finding suggests that the polymerizing fibronectin fibrils provide important angiogenic cues that are not found in protomeric fibronectin. This concept is supported by accumulating evidence indicating that fibronectin, its isoforms, its polymerization and its secondary structure all impact on neovascularization, indicative of an essential role for topographical organization of the fibronectin matrix in endothelial cell biology (Cseh et al., 2010; Le Saux et al., 2011; Mitsi et al., 2006; Uemura et al., 2006) . In the present study, we show that anastellin, a homophilic binding peptide of fibronectin, drives conformational changes within the assembled fibronectin matrix that influence the endothelial microvessel cell response to angiogenic growth factors. Incubation of microvessel cells with anastellin resulted in the selective inhibition of VEGF 165 signaling. Inhibition of VEGF 165 signaling was accompanied by anastellinmediated conformational changes within the fibronectin matrix, leading to the inactivation of the a5b1 integrin and the loss of NRP1 function.
Anastellin prevented the formation of the VEGFR2-NRP1 complex in response to VEGF 165 , leading to the inhibition of downstream signaling. Several VEGF 165 -dependent activities in the vasculature are known to be influenced by NRP1, including endothelial cell migration, branching and survival (Kawamura et al., 2008; Kawasaki et al., 1999; Pan et al., 2007a) . Our data indicate that NRP1 is also required for microvessel cell growth, as both anastellin and NRP1 knockdown inhibited VEGF 165 -mediated cell proliferation. VEGFR2 signaling in response to VEGF 165 is regulated by clathrin-mediated endocytosis, and downstream signals are propagated from specific intracellular compartments (reviewed in Berger and Ballmer-Hofer, 2011) . NRP1-regulated recycling of VEGFR2 back to the plasma membrane is known to influence the extent of ERK activation Lanahan et al., 2010) . The strength of the ERK signal depends on the time for which VEGFR2 is exposed to PTP1b (also known as PTPN1), the endosomal phosphatase that controls the dephosphorylation of Tyr1175, the VEGFR2 residue required for ERK activation. In the absence of NRP1, trafficking through the endosomal compartments is delayed, thus prolonging the exposure of VEGFR2 to PTP1b, resulting in a loss of Tyr1175 phosphorylation and a decreased activation of ERK (Zhang et al., 2013) . In our studies, anastellin had a more profound inhibitory effect on the phosphorylation of Tyr1175 as compared with either Tyr1059 or Tyr1054 (see Fig. 1 ). This observation was consistent with anastellin mediating its inhibitory effect on ERK signaling by preventing the formation of the VEGFR2-NRP1 complex. These data suggest a possible mechanism by which anastellin inhibits microvessel cell growth by disrupting NRP1-dependent VEGFR2 trafficking and prolonging the time for which VEGFR2 remains in the endosomal compartment. These data are also consistent with the impact of anastellin on VEGFR2 trafficking being initiated by conformational changes in the fibronectin matrix that decrease the activation state of a5b1 integrin. Taken together, these data point to a role for a5b1 integrin in regulating the functional activity of NRP1 in microvessel cells. Emerging evidence has implicated NRPs in the regulation of integrin function (reviewed in Goel et al., 2012; Goel and Mercurio, 2013) . NRP1 has been shown to promote a5b1 activation and function in both matrix assembly (Yaqoob et al., 2012) and endothelial cell adhesion to fibronectin (Valdembri et al., 2009 ). Our studies now present evidence that the a5b1 integrin can regulate NRP1 function, thus demonstrating the bidirectionality of integrin-NRP1 crosstalk.
Our experiments demonstrate that the binding of anastellin to the fibronectin matrix results in the loss of the synergy site epitope. This epitope has been reported to be sensitive to changes in fibronectin conformation, and epitope loss is associated with decreased accessibility of the synergy site (PHSRN peptide) and decreased a5b1 integrin binding to fibronectin (García et al., 1999; Mao and Schwarzbauer, 2006) . In previous studies, we used a panel of monoclonal anti-fibronectin antibodies to show that anastellin binds directly to the fibronectin matrix, causing conformational changes within the fibronectin extra domain A (FnEDA) while leaving several other epitopes unaffected (Klein et al., 2003) . These studies also showed that anastellin does not bind directly to the EDA domain, suggesting that its effect on the EDA epitope is conformational rather than steric. The present study now identifies the synergy site epitope as a second conformationally regulated site within the fibronectin matrix that can be targeted by anastellin. The FnEDA domain is an alternatively spliced domain that is inserted between the FnIII 11 and FnIII 12 domains. The synergy site epitope lies between the FnIII 9 and FnIII 10 domains. As the FnIII 11 domain has been identified as a major binding site on fibronectin for anastellin (Ohashi and Erickson, 2005) , these data suggest that the binding of anastellin to the FnIII 11 domain causes conformational changes in the neighboring FnEDA domain (Klein et al., 2003) and the FnIII 9-10 domains. The FnEDA and FnIII 9 domains of fibronectin represent major ligands for the a4b1 and a5b1 integrin receptors, respectively. Both of these integrins have been identified as important regulators of vascular function (reviewed in Astrof and Hynes, 2009 ). The ability of anastellin to impact on the secondary structure of these integrin-binding domains provides a possible molecular basis for the previously reported inhibitory effect of anastellin on in vivo angiogenesis (Yi and Ruoslahti, 2001) . Anastellin inhibition of angiogenesis has also been reported to require plasma fibronectin (Yi et al., 2003) . A previous study has shown that plasma fibronectin makes up ,50% of the fibronectin in tissues (Moretti et al., 2007) . This finding suggests that the requirement for plasma fibronectin in mediating the action of anastellin stems from the ability of plasma fibronectin to bind to anastellin and target it to tissues undergoing active remodeling.
Loss of the synergy site was accompanied by the inactivation of the a5b1 integrin. We used the term 'inactivation' to reflect the loss of specific antibody epitopes (9EG7 and 12G10) that report active ligand-bound conformations. In this instance, we are proposing that integrin inactivation is occurring secondary to a disengagement of the synergy site from the bound integrin. Whether this loss of ligand activates the inside-out signaling pathways that typically control integrin activation states is not known. Surprisingly, the inactivation of a5b1 integrin by anastellin was not accompanied by changes in either paxillin-containing adhesion sites or in the phosphorylation of FAK and paxillin. As both FAK and paxillin are rapidly dephosphorylated in response to loss of adhesion (Hartman et al., 2013; Mitola et al., 2006; Souza et al., 2012) , this observation suggests that the disengagement of a5b1 from the matrix does not necessarily result in the activation of integrin-regulated phosphatases. In our study, loss of a5b1 from the focal adhesion is likely a response to the unavailability of the synergy site in fibronectin. The avb5 integrins, which bind to fibronectin but do not require the synergy site, remained associated with focal adhesions. The mechanism by which active integrins are released from focal adhesions is not well understood. The inactivation of a5b1 integrin by anastellin suggests that in the absence of a matrix ligand (i.e. synergy site) the integrin is uncoupled from the cytoplasmic molecules mediating high-affinity conformations (i.e. talin, kindlin) (reviewed in Bouvard et al., 2013) . It is possible that, following the loss of the synergy site, integrins are actively transitioned into a closed inactive conformation and trafficked out of adhesion sites through the action of negative regulators of integrin activation, such as sharpin, filamin or ICAP1 (also known as ITGB1BP1). Interestingly, ICAP1-mediated regulation of b1 integrin activation has recently been linked to both aberrant vasculogenesis and ECM remodeling (Faurobert et al., 2013) . Our data suggest that, following anastellin treatment, the avb5 integrins function to maintain adhesion as well as the activation of integrin-associated signaling proteins, whereas a5b1-specific functions are selectively inhibited. Our studies further suggest that in microvessel cells a5b1 functions to promote VEGF 165 signaling by regulating the assembly of the VEGFR2-NRP1 complex and subsequent VEGFR2 trafficking.
The demonstration that anastellin regulates angiogenesis by targeting conformationally sensitive sites within the established fibronectin matrix suggests that homophilic binding peptides of fibronectin might be useful reagents for targeting conformationally regulated bioactive sites within the matrix. The ability of anastellin to affect signaling from one isoform of VEGF and not the other suggests that by targeting the topographical display of ligand binding sites within the fibronectin matrix it is possible to reprogram the cellular response to growth factors. This reprogramming might have important applications to the design of engineered tissue scaffolds used for tissue repair and regeneration. Additionally, pathologies characterized by extensive remodeling of the fibronectin matrix (i.e. tissue dysplasia and fibrosis) would be expected to respond to reagents designed to remodel the fibronectin matrix. A recent study has now shown that a single-chain variable-fragment monoclonal antibody directed at a cryptic homophilic binding site in fibronectin can be used to modulate the fibrotic response during vitreoretinopathy (Sharma et al., 2013) . Understanding the contribution of conformationally regulated bioactive sites within the matrix to tissue repair and disease progression represent crucial steps towards the rational design of matrix-based therapeutics.
MATERIALS AND METHODS
Reagents
Unless indicated otherwise, reagents were obtained from Sigma-Aldrich (St Louis, MO). Fetal bovine serum (FBS) was from Hyclone (Logan, UT). Vitrogen-100 (type-I collagen) was from Cohesion Technologies (Palo Alto, CA). Recombinant human VEGF 165 was obtained from R&D Systems (Minneapolis, MN) and VEGF 121 from PeproTech (Rocky Hill, NJ). Recombinant fragments of human fibronectin, including FnIII 1c (anastellin), FnIII 1cL37A/Y40A (anastellin mutant) and FnIII 13 , were generated and purified as described previously (Klein et al., 2003) . Rabbit polyclonal antibodies against ERK2 (sc-154), FAK (sc-557) and NRP1 (sc-7239) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against phosphorylated (phospho)-p44/42 MAPK (Thr202/Tyr204; pERK1/2; 9106), phospho-VEGFR2 (Tyr1175; 2478) and VEGF receptor 2 (2479) were obtained from Cell Signaling Technology (Beverly, MA). Antibodies against phosphotyrosine (clone 4G10; 05-321), phospho-VEGFR2 (Tyr1054; 07-722), phospho-VEGFR2 (Tyr1059; 36-019), integrin avb5 (clone 15F11; MAB2019z), integrin b1 (clone 12G10; MAB2247), integrin a5 (AB1949) and the cell-binding domain of fibronectin (clone 568; MAB1937) were obtained from EMD Millipore (Billerica, MA). The fibronectin synergy site blocking antibody (HFN7.1; ab80923) was obtained from Abcam (Cambridge, MA). The function-blocking antibody against NRP1 (AF3870) was obtained from R&D Systems (Minneapolis, MN) . Monoclonal antibodies directed against paxillin (610052) and the activated integrin chain beta 1 (clone 9EG7; 553715) were obtained from BD Biosciences (San Jose, CA). Phospho-FAK (Tyr397; 44-624G) polyclonal antibody, Alexa-Fluor-594-conjugated phalloidin (A12381) and all Alexa-Fluor-conjugated secondary antibodies were obtained from Life Technologies (Grand Island, NY).
Cell proliferation assay
Primary adult human dermal microvessel endothelial cells were obtained from VEC Technologies (Rensselaer, NY) and cultured in complete medium [MCDB-131, 20% defined FBS, 2 mM GlutaMAX (Gibco) and EGM-2MV (Cambrex, East Rutherford, NJ)] in a humidified incubator at 37˚C under 5% CO 2 on collagen-coated (20 mg/ml) tissue culture dishes. In order to address the effects of anastellin and NRP1 silencing on VEGF-dependent proliferation, microvessel cells were seeded onto collagen-coated tissue culture dishes at a density of 2610 3 cells/cm 2 in complete medium and allowed to attach and spread for 24 hours prior to treatment. Adherent cells were rinsed and incubated in basal medium (MCDB-131 containing 10% serum) supplemented with VEGF or preincubated with either anastellin or recombinant human FnIII 13 for 1 hour prior to VEGF stimulation. Cells were maintained in culture for 3-5 days and then fixed for 30 minutes in 3% paraformaldehyde. Fixed cells were washed three times with distilled water and then stained with 0.05% Toluidine Blue for 1 hour. Following washing three times in distilled water, Toluidine Blue was extracted with 10% acetic acid and its absorbance was measured at 650 nm.
RNA interference experiments
ON-TARGETplus human NRP1 siRNA (SMART pool) was obtained from Dharmacon (Lafayette, CO). Human microvessel endothelial cells were seeded in complete medium onto collagen-coated tissue culture dishes at 2610 3 cells/cm 2 and allowed to attach and spread overnight. Cells were transfected in the presence of 50 nM siRNA (siNRP1) or under control conditions (control siRNA or nothing) in OptiMEM using Oligofectamine transfection reagent (Life Technologies) according to the manufacturer's instructions. Transfected cells were cultured in complete medium for 3 days and serum starved in MCDB-131, 0.5% bovine serum albumin (BSA) (starving medium) for 4-16 hours prior to treatment. To assess the effects of NRP1 knockdown on VEGF-dependent proliferation, MCDB-131 containing 10% FBS and supplemented with or without VEGF was added 4-6 hours after initial transfection. Cells were cultured for 3 days, fixed and stained with Toluidine Blue as described above.
Immunoblotting
To evaluate the activation of signaling intermediates, cells were placed in starving medium for the designated times prior to stimulation with growth factors or fibronectin fragments. Cell monolayers were washed twice with ice-cold PBS containing 1 mM Na 3 VO 4 before solubilization in a solution of 20 mM Tris-HCl pH 7.4, 1% Triton X-100, 0.5% Nonidet P-40, 0.1 M NaCl, 40 mM NaF, 30 mM Na 4 P 2 O 7 , 2 mM EGTA, 1 mM Na 3 VO 4 and 0.5 mM PMSF, containing Complete Mini protease inhibitors (Roche Biochemical, Indianapolis, IN). Cell lysates were cleared by centrifugation (20,000 g for 10 minutes at 4˚C) and stored at 280˚C until use. Protein concentrations were determined with a bicinchoninic acid (BCA) protein assay reagent kit (Pierce, Rockford, IL), using BSA as standard. Cell lysates were subjected to SDS-PAGE under reducing conditions and transferred onto nitrocellulose membranes (Schleicher and Schuell Bioscience, Keene, NH). Membranes were blocked overnight with 3% BSA (w/v) in Trisbuffered saline containing 1% Tween-20 (TBS-T) and incubated with primary antibodies overnight at 4˚C. Blots were then rinsed with TBS-T containing 3% BSA and incubated with horseradish peroxidase (HRP)-linked secondary antibodies (1:10,000) for 1 hour at room temperature. Immunoreactive bands were detected using Amersham ECL Western Blotting Detection Reagent (Amersham Biosciences; Piscataway, NJ). Blots were reprobed after stripping in 62.5 mM Tris-HCl pH 6.7, 2% SDS and 10 mM b-mercaptoethanol for 30 minutes at 60˚C. Quantification of immunoblots was carried out using ImageJ analysis software. Values were normalized relative to VEGF-stimulated controls.
Immunoprecipitation
Endothelial cells seeded at 4610 5 cells/cm 2 onto collagen-coated dishes were allowed to attach and spread overnight in complete medium. Cells were then serum-starved for 4-16 hours in MCDB-131 containing 0.5% BSA prior to treatment with recombinant fibronectin fragments for 1 hour. For immunoprecipitation of VEGFR2-NRP1 complexes, treated cells were stimulated with 10 ng/ml VEGF 165 or VEGF 121 for 15 minutes prior to lysis in a solution of 50 mM Tris-HCl pH 7.8, 1% Nonidet P-40, 0.15 M NaCl, 10 mM NaF, 10 mM Na 4 P 2 O 7 , 2 mM EDTA, 1 mM Na 3 VO 4 and 0.5 mM PMSF containing Complete Mini protease inhibitors (immunoprecipitation lysis buffer). Lysates were cleared by centrifugation (20,000 g for 10 minutes at 4˚C), and equal amounts of protein (500 mg) were incubated with 2 mg of polyclonal anti-NRP1 antibodies and Protein A/G PLUS-Agarose (Santa Cruz) for 2 hours at 4˚C with gentle rocking. Agarose beads were washed three times with immunoprecipitation lysis buffer by dilution and centrifugation (1000 g, 3 minutes at 4˚C) and immune complexes were eluted with standard Laemmli reducing buffer. NRP1 and VEGFR2 were detected in complexes by immunoblotting.
Fluorescence microscopy
Microvascular endothelial cells were cultured in complete medium for 48-72 hours on collagen-coated (20 mg/ml) glass coverslips, rinsed once in serum-free medium and treated for 1 hour with recombinant fibronectin fragments. Treated cells were then washed once with serum-free medium, fixed for 20 minutes in 3% paraformaldehyde, permeabilized in 0.5% Triton X-100 for 10 minutes, blocked in 1% BSA and immunostained with antibodies as indicated. F-actin was visualized with Alexa-Fluor-594-conjugated phalloidin. After staining, coverslips were mounted with Prolong Antifade according to the manufacturer's instructions (Molecular Probes). Cell monolayers were examined using an Olympus BMX-60 microscope equipped with a cooled CCD sensi-camera (Cooke, Auburn Hills, MI), and images were acquired using Slidebook software (Intelligent Imaging Innovation, Denver, CO). Fluorescence images were processed with ImageJ analysis software for the quantification of focal complexes and fibronectin staining.
Statistical analysis
Data are presented as the mean6s.e.m. of at least three independent experiments performed in duplicate or triplicate. Proliferation and immunofluorescent staining results were analyzed using a one-way ANOVA with Tukey's multiple comparison test. Statistical analysis was performed with SigmaPlot, version 11.0 (Systat Software, Chicago, IL), with P,0.05 considered significant.
